A major goal for the treatment of heart tissue damaged by cardiac injury is to develop strategies for restoring healthy heart muscle through the regeneration and repair of damaged myocardium. We recently demonstrated that administration of a specific combination of microRNAs (miR combo) into the infarcted myocardium leads to direct in vivo reprogramming of noncardiac myocytes to cardiac myocytes. However, the biological and functional consequences of such reprogramming are not yet known.
T he adult human heart has a limited capacity to regenerate lost or damaged cardiac myocytes after cardiac insult. Myocardial injury, characterized by excessive fibrosis and cardiac remodeling, eventually results in the deterioration of cardiac structure and function. The loss experienced by the cardiac myocyte cell fraction of the heart after myocardial infarction (MI) is permanent. This leads to a disproportionate thinning of the heart and severely reduced function. This impairment of the heart's ability to pump blood has disastrous consequences on morbidity and mortality. 1
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A major goal for the treatment of heart tissue damaged by cardiac injury is to develop strategies that restore healthy heart muscle through the regeneration and repair of damaged myocardium. Cellular reprogramming holds tremendous potential for promoting such cardiac repair. Recent advances have established that fibroblasts can be directly reprogrammed into cardiac myocytes by introducing distinct combinations of lineage-significant transcription factors [2] [3] [4] [5] or microRNAs (miRNAs). 6 In the context of MI, it is, therefore, particularly alluring to use an analogous strategy in vivo by delivering a cocktail of reprogramming mediators directly into the border zone adjacent to the injured myocardium and thereby inducing fibroblasts to reprogram into cardiac muscle. This approach would be expected to lead to both a reduction in scar formation and an overall improvement in contractility resulting from a replenishment of cardiac myocytes within the heart. Recently, we and others demonstrated the feasibility of this approach by showing that introduction of either transcription factors 3, 4 or miRNAs 6 into the infarcted myocardium leads to direct in vivo reprogramming of nonmyocytes to cardiac myocytes. With transcription factors, reprogramming was accompanied by a significant improvement in cardiac function. However, for miRNA-mediated reprogramming, it has not yet been established whether these reprogrammed cells develop into mature functional cardiac myocytes in situ, or whether reprogramming leads to an improvement of cardiac function in vivo.
We recently reported that a specific combination of miRNAs (miRNAs 1, 133, 208, and 499; miR combo) is capable of redirecting noncardiac myocytes to become cardiac myocyte-like cells in vitro and in vivo. 6 In vitro, the induced cardiac myocyte-like cells possessed functional properties characteristic of cardiac myocytes, such as L-type channel expression, spontaneous calcium oscillations, and contractility, although their physiological properties seemed to be less mature than those of neonatal cardiac myocytes. 6 We further showed that injection of lentiviruses encoding the miR combo into the peri-infarct area of the infarcted heart also induced the generation of new cardiac myocyte-like cells in this region from lineage-traced noncardiac myocytes by 4 weeks post infarct. 6 This finding provided proof-of-concept that miRNA-mediated cardiac reprogramming can be achieved in vivo. Therefore, we sought to determine whether in vivo reprogramming with miRNAs improved cardiac structure and generated functionally mature ventricular cardiac myocytes. In this report, we characterize the morphological and physiological properties of reprogrammed cells ex vivo, and the consequences for left ventricular (LV) contractile function in vivo using serial echocardiography. We provide evidence that delivery of a specific combination of miRNAs to the injured myocardium yields reprogrammed cells that exhibit the characteristics of mature adult ventricular cardiac myocytes. This is associated with a progressive improvement of the cardiac function when compared with controls during a 3-month time period. Collectively, our findings further validate the potential use of miRNA-mediated reprogramming as a therapeutic approach to promote cardiac regeneration after myocardial injury.
Methods
An expanded Methods is available in the Online Data Supplement.
Animals and Surgery
Adult male fibroblast-specific protein 1 Cre-tandem dimer Tomato (tdTomato) transgenic mice (8-10 weeks) were subjected to permanent ligation of the left anterior descending coronary artery using previously published procedures. 6 Lentivirus, consisting of either a combination of 4 individual lentiviruses expressing miRNAs 1, 133, 208, or 499 (miR combo), or a lentivirus expressing a random sequence nontargeting miRNA (negmiR), were injected once at the time of injury, at 2 sites 2 mm below the site of ligation, as previously described. 6 The miR combo lentivirus significantly increased expression of miR-1, miR-133, miR-208, and miR-409 in cardiac fibroblasts (Online Figure IA) . Furthermore, in vivo, lentiviruses preferentially targeted cardiac fibroblasts, as determined by injection of a lentivirusgreen fluorescent protein reporter (Online Figure IB) .
Immunocytochemistry
Cells were fixed in paraformaldehyde and labeled using primary antibodies against sarcomeric α-actinin, cardiac troponin T, N-cadherin, or Connexin-43 together with tdTomato. Confocal images were captured using an LSM 510 Meta DuoScan microscope (Zeiss) and processed using LSM 5 software, version 4.2.
Ex Vivo Analysis
Animals were harvested 5 to 6 weeks after infarction and virus injection. Cardiac myocytes and other cells were isolated from the ventricles according to Louch et al 7 with modifications and were analyzed within 8 hours of isolation. Wide field microscopy was used to image calcium dynamics and contraction 6, 8 ; simultaneous high-speed fluorescence photometry and cell geometry measurements (IonOptix Calcium and Contractility System) were used to characterize excitation-contraction (EC) coupling. Whole-cell current clamp and voltage clamp recording were used to record action potentials and the current-voltage relationship, respectively.
Serial Echocardiography
Adult male wild-type mice were subjected to left anterior descending coronary artery and lentivirus injection, as above. High-resolution 2-dimensional echocardiography was performed pre MI, and at 2 weeks and 1, 2, and 3 months post infarction. At each time point, the following information was acquired: fractional shortening, ejection fraction, LV mass, LV end-diastolic dimension, LV end-systolic dimension, heart rate, interventricular septum thickness, posterior wall thickness, and velocity of circumferential fiber shortening.
Data and Statistical Analysis
Statistical analysis of calcium, contractility, electrophysiological measurements, and echocardiography was performed using Student t test (2-sample equal variance, 2 tailed). Statistical analysis of serial echocardiography between groups was analyzed at each time point. ANOVA was used to compare multiple groups. P<0.05 was regarded as significant. Graphs are displayed as mean±SEM; asterisks indicate significance.
Results
We recently reported that a specific combination of miRNAs (miRNAs 1, 133, 208, and 499; miR combo) is capable of redirecting noncardiac myocytes to become cardiac myocyte-like cells in vitro and in vivo. 6 To investigate reprogramming efficiency and to determine whether cardiac myocyte-like cells generated by reprogramming in vivo possess morphological properties similar to wild-type mature cardiac myocytes, we subjected adult fibroblast-specific protein 1-Cre/tdTomato mice to cardiac injury by permanent left anterior descending coronary artery ligation and injected lentiviruses encoding the miR combo or a negmiR. 6 This allowed us to analyze the lineage-traced in vivo reprogrammed noncardiac myocyte population. 3 We first determined the number of reprogramming events in mice treated with miR combo or negmiR. tdTomato + and td-Tomato − cardiac myocytes were counted in the peri-infarct regions of mice injected with miR combo and negmiR 7 weeks after infarction and viral injection. To avoid any potential bias in the counting, the entire infarct region was cut into a number of 0.5-mm sections (Online Figure IIA ) and the number of cardiac myocytes counted in the peri-infarct region of each section, as has been described previously. 4 miR combo was associated with a ≈3-fold increase in the number of cells expressing both tdTomato and cardiac troponin-T ( Figure 1A ; 12% miR combo versus 4% negmiR, P=0.0024; additional figures are supplied in Online Figure IIB and IIC) when compared with negmiRinjected mice. Intriguingly, in miR combo-injected mice, small tdTomato + cardiac troponin-T + cells were observed in the infarct region (Online Figure IID) suggestive of developing cardiac myocytes within the damaged area. Moreover, in miR comboinjected mice, tdTomato was also found to colocalize with αsarcomeric actinin, another mature cardiac myocyte marker ( Figure 1B ). No such colocalization was observed in mice injected with negmiR ( Figure 1B ). tdTomato + cardiac myocytes, in miR combo-injected mice, expressed the gap junction protein connexin-43. Importantly, gap junctions were observed between the pre-existing, tdTomato − , and new reprogrammed, tdTomato + , cardiac myocytes ( Figure 1C ). This suggests efficient integration with pre-existing cells. Several tdTomato + cardiac myocytes in vivo were found to express DDR2 (discoidin domain-containing receptor 2), suggesting that a proportion of the cells reprogrammed by miR combo retained fibroblast markers/characteristics ( Figure 1D ). DDR2 positive cardiac myocytes were also observed in the negmiR-treated animals (Online Figure III) , albeit at lower levels (≈25% of miR combo).
Five to 6 weeks after infarction and virus injection, ventricular cells were isolated from mice injected with either the miR combo or negmiR. In accordance with our previous study, tdTomato + cardiac myocytes were rarely observed in preparations from negmiR-injected hearts. 6 In cell preparations from miR combo-injected animals, tdTomato + cells Figure 1 . A specific combination of microRNAs (miR combo) promotes reprogramming in vivo. Fibroblastspecific protein 1-Cre/tandem dimer Tomato (tdTomato) mice were subjected to either a sham operation or myocardial infarction and injected with lentivirus containing either miR combo or nontargeting miRNA (negmiR). Seven weeks after injury, the entire peri-infarct region was visualized by serial sectioning through the heart tissue. Sections were probed for (A) tdTomato and cardiac troponin-T, (B) tdTomato and α-sarcomeric actinin, (C) tdTomato, cardiac troponin-T, and connexin-43, and (D) tdTomato, cardiac troponin-T, and DDR2 (discoidin domain-containing receptor 2). For all panels, scale bar, 100 μm, n=3, P values indicated.
exhibited several morphologies. Mature cells with a clearly defined rod shape were observed (Online Figure IVA) . In addition, we also noted tdTomato + cells with an intermediate morphology (Online Figure IVB) reminiscent of developing or immature ventricular cardiac myocytes, 11, 12 which might represent differentiating, or intermediate, reprogrammed cells. 3 These immature cells may be the small tdTomato + cardiac troponin-T + cells that were observed in vivo.
To determine whether the large rod-shaped tdTomato + cardiac myocyte-like cells express proteins characteristic of mature cardiac myocytes, we performed immunocytochemical profiling for standard cardiac myocyte markers ( Figure 2 ). Cardiac troponin T and sarcomeric α-actinin were localized in a striated pattern typical of mature cardiac myocytes. Connexin-43 and N-cadherin, proteins involved in gap junctional communication and cell adhesion between cardiac myocytes, were localized in a punctate pattern at the plasma membranes of tdTomato + cardiac myocytes, as is characteristic of wild-type adult ventricular cardiac myocytes.
We next investigated whether induced cardiac myocytes exhibit the physiological characteristics of mature cardiac myocytes by analyzing EC coupling and the electrophysiological properties of rod-shaped tdTomato + and tdTomato − cardiac myocyte-like cells isolated from miR combo-injected mice. To analyze calcium signaling and contractility, we first used a wide field imaging during pacing with electric field stimulation. This revealed that the majority of rod-shaped tdTomato + cells exhibited normal sarcomeres, rapid and large calcium transients, and concurrent contractions in response to depolarization (Online Figure V and Movie I). This indicates that tdTomato + cardiac myocyte-like cells exhibit EC coupling. We quantified EC coupling parameters using simultaneous high-speed fluorescence photometry and sarcomeric length measurements. Figure 3A shows examples of simultaneous calcium transients and contraction generated by tdTomato − and tdTomato + cardiac myocytes during pacing at 1 Hz. Our analysis revealed that there were no differences in basal cytosolic calcium levels or in the peak amplitudes and decay kinetics of depolarization-evoked calcium transients between tdTomato − and tdTomato + cardiac myocytes ( Figure 3B ). There were also no differences in sarcomeric length at rest, fractional shortening, contraction decay kinetics, or EC coupling gain between tdTomato − and tdTomato + cardiac myocytes ( Figure 3C ). Simi-larly, these properties were not different during pacing at 0.5 and 2 Hz (not shown). These findings indicate that rod-shaped tdTomato + cardiac myocytes exhibit EC coupling in response to depolarization and that the properties of EC coupling are similar to those of mature ventricular cardiac myocytes.
To compare the electrophysiological properties of tdTomato − and tdTomato + cardiac myocytes, we next performed whole-cell patch-clamp recordings of cardiac myocytes dissociated from miR combo-injected hearts (Figure 4 ). Current injection elicited action potentials in both tdTomato − and tdTomato + cardiac myocytes ( Figure 4A ). Although the action potentials evoked in tdTomato + cardiac myocytes were largely similar to those of control cells, the action potential amplitude and overshoot potential were reduced and resting membrane potential depolarized in tdTomato + when compared with tdTomato − cardiac myocytes ( Figure 4B ). This would inactivate a fraction of the sodium channels, which might explain the smaller action potential amplitude and the trend toward smaller calcium transients and contractility in tdTomato + cardiac myocytes. We also compared the current-voltage relationship between tdTomato − and tdTomato + cardiac myocytes ( Figure 4C and 4D ). This analysis showed that tdTomato + cardiac myocytes express voltage-gated calcium, inward rectifier potassium, and delayed rectifier potassium currents ( Figure 4C ) and that tdTomato − and tdTomato + cardiac myocytes exhibit the same current-voltage relationship ( Figure 4D) . Thus, the electrophysiological properties of rod-shaped tdTomato + cardiac myocytes further strengthen the conclusion that these cells are functionally similar to mature wild-type ventricular cardiac myocytes.
To determine whether miR combo can improve cardiac function after cardiac injury, we subjected adult male wildtype mice to cardiac injury (left anterior descending coronary artery) and miR combo delivery and examined cardiac function via echocardiographic analysis during the course of 3 months ( Figure 5 ). Importantly, fractional shortening measurements ( Figure 5A and 5B) indicate that miR combo significantly improves the heart's pump function after MI relative to negmiR-injected animals. This improvement was time delayed and developed progressively, beginning between 1 and 2 months post surgery and was enhanced at 3 months (P=0.045 at 2 months; P=0.019 at 3 months). Velocity of circumferential fiber shortening, another measure of LV contractile function, was also significantly higher in miR combo-injected animals at the 3 months ( Figure 5A; P=0.040 ). In addition, there was a trend toward a decrease in both LV end-systolic dimension (P=0.058) and LV mass (P=0.072) at 3 months post MI in miR combo-injected animals ( Figure 5A ). Moreover, 1 month post injury, fibrosis was significantly lower in miR comboinjected animals when compared with negmiR-injected mice ( Figure 5C ). Mice injected with PBS were not significantly different from negmiR-injected animals for any of the parameters described above (Online Figure VIA) , indicating that viral delivery of miRs had no adverse effect on heart function.
To address the specificity of miR combo further, we measured cardiac myocyte apoptosis and vascular reprogramming. We found that in cultured neonatal cardiac myocytes, miR combo had no effect on apoptosis at baseline or in the presence of H 2 O 2 (Online Figure VIB) . Moreover, although miR combo had no effect on the expression of the endothelial progenitor marker Flk-1 (Online Figure VII) , miR combo reduced the expression of key endothelial genes, VE (vascular endothelial)-cadherin and PECAM1 (platelet endothelial cell adhesion molecule) (Online Figure VII) in neonatal cardiac fibroblasts. Vascular density was increased in the peri-infarct region of miR combo reprogrammed hearts at 7 weeks; however, the effect did not reach significance (Online Figure VIII) . Together, these findings suggest that miR combo promotes functional recovery of the damaged myocardium by specifically promoting cardiac reprogramming.
Discussion
We and others have shown that introduction of either transcription factors 3, 4 or miRNAs 6 into the infarcted myocardium in vivo leads to direct reprogramming of noncardiac myocytes into cardiac myocytes. With transcription factors, reprogramming was accompanied by a significant improvement in cardiac function. Our results here demonstrate that miR combo can induce (1) the in vivo reprogramming of noncardiac myocytes in the heart to cardiac myocyte-like cells that possess the morphological and functional properties of mature adult ventricular cardiac myocytes; and (2) a significant improvement in cardiac function after myocardial infarct. These observations are compelling for the use of the identified miRNA combination for cardiac regeneration. The repressive actions of miRNAs on gene expression are powerful because a single miRNA may target multiple pathways simultaneously. As a therapeutic strategy, an miRNA-based approach has theoretical advantages over the use of transcription factors. The small size of a single miRNA allows the packing of multiple transcripts in the same delivery vector to increase both reprogramming efficiency and functional homogeneity of reprogrammed cells. Moreover, nonviral delivery of chemically synthesized miRNA mimics, which can be more easily administered to cells and are suggested to also exhibit low toxicity in animal models, 13, 14 may be an attractive therapeutic strategy.
In our study, the majority of large rod-shaped tdTomato + cells observed after miR combo treatment were striated and exhibited the morphological and functional characteristics of mature ventricular cardiac myocytes when analyzed 5 to 6 weeks post infarct. However, we also noted the presence of smaller tdTomato + cells both in vitro and in vivo that had the appearance of immature or intermediate cardiac myocytes. 3, 11, 15 Moreover, subtle changes in calcium transient and contractility properties may reflect delayed maturation of calcium-handling machinery. These findings suggest that at this time point, not all of the induced cardiac myocytes may have fully matured.
We found that miR combo was likely to be specific for cardiac reprogramming. Cardiac myocyte apoptosis was unaffected by miR combo. Similarly, miR combo did not induce an endothelial phenotype in neonatal cardiac fibroblasts. Vascular density was increased in the peri-infarct regions of miR combo-treated mice; however, the effect was not significant. Intriguingly, the time frame we observed for the improvement of cardiac function with miRNAs is similar to that reported for reprogramming with exogenous transcription factors. 3, 4 This suggests that with current reprogramming methods, the time required for transdifferentiation, integration, and maturation of reprogrammed cells might explain the time delayed and progressive improvement of LV contractile function over a couple of months. Although the delivery of miRNAs has proven effective at improving cardiac function after MI, further optimization of reprogramming efficiency and efficacy is required for the advancement of this approach as a cardiac regenerative strategy. This may involve the delivery of higher and repeated doses of viral-expressing miRNAs, the use of different viral vectors for delivery, the development of nonviral delivery methods, and the coadministration of additional cardiac reparative factors. 16 Moreover, many questions Table of action potential parameters measured for tdTomato − (n=11) and tdTomato + (n=7) cardiac myocytes, including resting membrane potential (RMP), action potential amplitude (APA), overshoot potential (OSP), and action potential duration (APD) at 30% and 70% repolarization. P values, listed for each measure, were <0.05 for RMP, OSP, and APA. C, Examples of current-voltage (I-V) relationship in a tdTomato − and a tdTomato + cardiac myocyte. D, Average I-V curves in tdTomato − (n=6) and tdTomato + (n=3) cardiac myocytes generated from steady-state current at the end of the voltage step. There was no statistically significant difference in current amplitude at any voltage step potential. January 30, 2015 relating to this therapy remain unanswered; these include the mechanisms that underlie reprogramming, long-term efficacy, temporal changes in cardiac performance after treatment, and how temporal changes in performance are correlated with the maturation of induced, or reprogrammed, cardiac myocytes. Although such questions must be addressed, initial studies using direct in vivo reprogramming with miRNAs as a therapeutic strategy for cardiac regeneration hold much promise.
What Is Known?
• There is a critical need to develop strategies that can regenerate healthy heart muscle after injury. • A specific combination of microRNAs (miR combo) can reprogram noncardiac myocytes into cardiac myocytes in vivo. • The functional consequences of such reprogramming remains unknown.
What New Information Does This Article Provide?
• miR combo significantly increased the number of reprogramming events in vivo. • Reprogrammed cardiac myocytes showed full maturation and were functionally normal.
• Reprogramming was associated with improvement of cardiac function.
Direct reprogramming of cardiac fibroblasts into cardiac myocytes is emerging as important strategy to regenerate heart muscle after injury. We have found that a specific combination of microRNAs, miR combo, will reprogram cardiac fibroblasts into cardiac myocytes in vivo. The reprogrammed cardiac myocytes are fully mature and functionally normal. We also found that reprogramming was associated with an improvement in cardiac function after injury. These results further underscore the potential of miR combo as a therapeutic tool to treat cardiac injury.
Novelty and Significance

